Introduction
Data on transition probabilities for spectral lines is needed for atomic structure studies, and also for applications to astrophysics, plasma modeling and láser physics as well as analysis techniques. In Astrophysics, due to the spectra recorded by the Goddard high-resolution spectrograph on the Hubble Space Telescope, atomic data for many ions are of increasing interest. The analysis of spectral lines of Pb III provides information about the physical condition of hot stars (see, for example, the Pb III and Pb IV resonance lines that have been detected in the Far Ultraviolet Spectroscopic Explorer spectra of hot subdwarf B (sdB) stars by Chayer et al. [1 ] ).
There has been continuous interest in the determination of oscillator strengths, transition probabilities and radiative lifetimes of Pb III. Some experimental transition probabilities, and theoretical valúes of oscillator strengths, transition probabilities and of some lifetimes, in Pb III have been the subject of three previous works carried out by this author. On the experimental side, the ten transition probabilities in the Pb III spectrum were measured using a plasma-induced láser, in an atmosphere of argón at 12 Torr, under local thermodynamic equilibrium (LTE) conditions [2] . On the theoretical side, transition probabilities of 54 lines for the 5d 10 6s 2 -5d 10 6snp, 5d 10 6sns-5d 10 6snp and 5d 10 6snd-5d 10 6snp spectral lines of Pb III presented in Colón and Alonso-Medina [3] were obtained in intermedíate coupling and using relativistic Hartree-Fork calculations. Also theoretical transition probabilities and oscillator strengths of 382 lines arising from 5d 9 6s 2 6p, 5d 10 6snl, 5d 10 6s 2 , 5d 10 6p 2 , 5d 10 6p7s and 5d 10 6p6d configurations and some radiative lifetimes of Pb III were presented in Alonso-Medina et al. [4] ; these valúes were obtained in intermedíate coupling and using relativistic Hartree-Fock calculations including core polarization effects.
Optical oscillator strengths for transitions 6s 2 1 S 0 -6s6p 1,3 P! of Pb III have been calculated by Migdalek and Baylis [5, 6] and Migdalek and Bojara [7] , using relativistic Hartree-Fock calculations and including a potential model to represent core polarization. Also, using a multi-configuration relativistic random phase approximation (MRRPA), valúes of theoretical oscillator strengths were obtained by Chou and Huang [8] . Huang et al. [9] and Chou and Kuang [10] obtained new improved valúes of these oscillator strengths using the MRRPA approximation, but including the core polarization effects explicitly. In 2003, Glowascki and Migdalek [11] Si and 6p 2 1 D 2 . Curtís et al. [15] presented a beam-foil measurement for lifetimes in Pb III, including a critical evaluation of the available datábase. Recently, the 5d photoabsorption spectra of Pb III have been recorded using the dual láser plasma technique in the photon energy range 30-66 eV by Banahan et al. [16] .
In this paper, a plasma generated from ablation láser on a lead surface was used as a spectral source, the local thermodynamic equilibrium (LTE) assumption is discussed and the plasma parameters, such as temperature, electrón density and self-absorption effects, were determined as well. Thus, also the homogeneity of the plasma is studied.
This paper aims to provide new experimental valúes of transition probabilities of Pb III. We present the transition probabilities of 30 spectral lines (arising from 5d  10 6s8s,  5d 10 6s7p, 5d 10 6s5f and 5d 10 6s5g configurations); to our knowledge for 20 of these there are no experimental valúes available in the literature. The transition probabilities have been measured by determining the emission line intensity of laser-produced plasma carried out with a lead target of 99.99% purity placed in an argón atmosphere at 6 Torr and 400 ns after each láser light pulse, which provides appropriate measurement conditions. Relative valúes of the transition probabilities, with the LTE assumption, have been put on an absolute scale using a Boltzmann plot of temperature and relative line strength measurements by comparison with the relative strength of the 504.26 nm Pb II transition in Saha's equation.
Uncertainties from different contributions are estimated.
Results are in good agreement with previous measurements and calculations.
Experimental setup and details of the measurements
The experimental system is similar to that described in previous papers [2, [17] [18] [19] [20] [21] [22] [23] [24] [25] , as more detailed description is presented in [17] , only a brief description is given here. A diagram of the experimental device is shown in Fig. 1 .
A focused Nd:YAG láser beam was used to genérate the plasma on the surface of a lead target in a controlled argón atmosphere, and the plasma was employed as a source of Pb III ions. The light emitted by the laser-produced plasma was transmitted through a sapphire window to the entrance slit of a monochromator. The spectra were recorded by a timeresolved optical multichannel analyzer (OMA) that allowed recording of spectral regions at different delays after the láser pulse and during a selected time interval. The characteristics of the apparatus employed are shown in Table 1 . To set the conditions, the experiment used a design programme for acquiring the data set: the number of spectra to be stored, the number accumulated in each reading and the time Windows. The láser beam is deflected by total reflection in a prism and is focused, with a quartz lens of focal distance of 12 cm, on the surface of the target placed in position horizontally. Using a Q-switch Nd:YAG láser at 1064 nm, with a frequency of 20 Hz, a 7 ns nominal pulse width, an energy of 290 mj/pulse and a spot size on the target of 0.5 mm resulted in an irradiance of 2 x 10 10 Wcm~2. The láser energy was monitored using a calibrated power-meter.
A chamber was readied to genérate the plasma with the target on a gas atmosphere, vacuum (~ 10~5 Torr) had already been attained inside the chamber by a turbomolecular pump. The chamber was filled with argón and maintained at a constant pressure of 6 Torr throughout the measurement, using a small continuous flow of gas to maintain the purity of the atmosphere. The temperature, electrón number density and time evolution of laserproduced plasma lead can be partially controlled by the use of a suitable buffer gas, and the buffer gas pressure valué was chosen because it gives the best contrast between line emission and continuum emission. All the measurements that are presented here were performed in an argón atmosphere (6 Torr) .
The chamber also has a target position-changing system, so the plasma is formed in each measurement on the smooth surface of the target and not on the cráter that formed in the previous measurement. It features a quartz window that lets through light that is sent to the spectrometer entrance slit, located 8 cm from the plasma. The monochromator is Czerny-Turner type, in the range 190-700 nm, focal length of 1 m and a first-order resolution, for a slit of 50 um, of 0.3 A, which corresponds to 3 channels, a resolution that is hard to achieve, and equipped with a gated optical multichannel analyzer (OMA III EG&G) system, which can be used to record sections of the spectrum with a delay with respect to the The measurements were repeated at several delay times (150-900 ns) and at a fixed gate time of 100 ns. The measurements consist in the accumulation of 20 láser pulses at a delay time. To obtain the best signal-to-noise ratio, the measurements of spectral Unes of Pb III were made with a delay of 400 ns, and the recording interval was 100 ns. Fig. 2 (a and b) presents two sections of typical spectra (in the range 433.5-442.5 and 363-371 nm wavelength, respectively) in a 6 Torr argón atmosphere, where some of the spectral lines of Pb I, Pb II, Pb III can be observed, and the corresponding most intense transitions of the Ar II and in these sections ¡Ilústrate the temporal evolution of these spectral lines. In Fig. 2b , as the system is less efficient in this range, the Ar II lines are not observed. The detection was performed in a synchronized manner with the electronic device that regulates the láser Q-switch. The measurements were obtained after ablative cleaning the target for two láser pulses in order to remove impurities. In each data acquisition period, a correction was made with regard to the dark signal in the absence of the láser plasma. The instrumental line profile needed for the numerical analysis of each spectrum was determined from the observation of several narrow spectral lines from hollow-cathode lamps, with a precisión of 97%. The distance at which two lines can be distinguished is 0.36 Á in first order.
The lines studied ranged from 200 to 700 nm. The system was calibrated in wavelength by recording the well-known lines of Ar, Ne and Hg covering the wavelength range 190-700 nm, and the uncertainties in the measurement were SK 0.001 Á The calibration of the spectral response of the system (efficiency) was obtained in the 200-700 nm wavelength range by means of previously calibrated lamps. A deuterium lamp was used for the 200-400 nm range, and a quartz-tungsten lamp for the 350-700 nm range. The final calibration was the result of the overlapping joint regions of these two lamps and also employing a least-square fitting process. The system efficiency was measured five times, and the error was estimated to be around 5%.
The same experimental system was used to study the homogeneity of the plasma, but in order to have spatial resolution, the light was focused by means of a lens on a 1 mm light guide being able to select the point of the plasma from which the light emission was observed, see schematic in Fig. 1 of Ref. [25] . The lens and optical fiber connector have been mounted on a telescopic spring that allows one to vary their relative distance to coincide with the focus distance of the plasma image, keeping the plasma-lens-optical fiber aligned. The support has been mounted on an optical bench, allowing controlled horizontal and vertical movements, thereby varying the área of plasma whose image is detected in the optical fiber.
The spectra were stored in a computer for further analysis and processed with software capable of separating two cióse overlapping lines and of determining their relative intensities, with uncertainties < 3%. The spectra lines were analysed by fitting the observed line shapes to a numerically generated Voigt profile. This allows one to make the deconvolution to obtain the Lorentzian and Gaussian profiles, Lorentzian profile from Stark broadening, with Gaussian profile from Doppler broadening and instrumental broadening. For the plasma diagnostic, the área under each line profile from the aforementioned fitting represents the relative intensity. The line intensities were obtained by subtracting the background intensity. Using spectral lines in a wider spectral range requires the measurement of various spectral regions, and this leads to the problem of assuring reproducibility between these measurements. In this paper, every result for the intensity was measured five times. The reason for not measuring more times was that the variation in the intensity valúes remained almost constant, so we obtained statistical uncertainty, ranging around 3% depending on each line. Local profiles were obtained after Abel inversión of the integrated intensity [26] .
A major problem is self-absorption, which leads to a reduction in the intensities of the lines and has a great influence on the valúes of the transition probabilities. An estimation of the absorption coefficient of all the lines studied will be shown in a later discussion (Section 3.3), in order to verify that self-absorption was negligible. In this paper, self-absorption effects turned out to be lower than 1% for most intense lines. Thus, the plasma can be considered optically thin.
Results and discussion
A suitable choice of some spectral lines that are free from self-absorption allows the calculation of both temperature and density of the plasma.
Determination of the plasma temperature
When LTE conditions can be applied, the population of the linked states follows a Boltzmann distribution, which can be used as a first approximation to determine the temperature of the plasma [27, 28] . The plasma temperature was measured using the Boltzmann plot for determining the excitation temperature, and Saha's equation was used for determining the ionization temperature. LTE plasmas are characterized by single temperature.
The excitation temperature can be determined by the well-known Boltzmann method, from relative line intensities (¡fA provided that their transition probabilities (A,j) from a given excitation state are known from the same element and ionization stage. The basic principie of the Boltzmann plot is described below [27] [28] [29] by the expression
for a transition from a higher state i to a lower state j, ñ represents the measured integral line intensity in counts s _1 , Ai¡ is the transition probability, X the wavelength of the transition, E¡ the excited level energy, g¡ are the energy and statistical weight of level i, U(T) is the atomic species partition function, N the total density of emitting atoms, k the Boltzmann constant (1.38 x 10~2 3 J/K) and T the temperature in K.
If we were to plot lntó/g¡A,j) vs. £¡, for lines of known transition probability (Boltzmann plot), the resulting straight line would have a slope -1/feT, and therefore the temperature can be obtained without the need to know the total density of atoms or the atomic species •^ -10 < f-11 Fig. 3 . These valúes were obtained from the relative intensities (ñ) required for applying this method, obtained using a laser-produced plasma in this paper, and the transition probabilities are as displayed in column four of Table 2 (valúes that were obtained in our previous studies [19, 18, 4] respectively). The errors were estimated from the standard deviation of the slopes obtained in the least squares fittings; the uncertainties that are taken into account are: (a) the line profile fitting procedure ( < 1%), (b) the relative line intensity determination ( < 2%) and (c) the transition probabilities (5-17%, depending on each line), see the valúes of transition probabilities are experimentally known [2] . The linearity of the plots and the coincidence of the temperatures supported the existence of LTE. The ionization temperature was calculated using the relative line intensity ratio method (in the electrón density 7 x 10 16 cm -3 ), Saha's equation [26] [27] [28] , between Pb I (217.00 and 500.55 nm) and Pb II (220.35 and 504.26 nm), and also between Pb II (371.83 nm) and Pb III (385.41 nm) spectral lines; the necessary atomic data are taken from Refs. [2, 18, 19] . The valué obtained is 21,100 K with an estimated error of -10%.
These valúes-the excitation temperature and the ionization temperature-are totally compatible and are cióse to 21,400 K, with an estimated error of ~7%.
Determination of the electrón number density
As is well known, the shape and width of the spectral lines emitted by a plasma are governed by collisional processes of the emitting atoms and ions.
The electrón number density of the plasma was determined, as in other papers [2, [18] [19] [20] [21] [22] [23] [24] [25] [31] [32] [33] [34] , by comparing the Stark broadening for some transitions with those of other authors. As is well known, the Stark line broadening from colusión of charged species is the primary mechanism influencing these emission spectra together with instrumental line broadening. The other mechanisms contributing to the line broadening, such as natural broadening, resonance broadening and Van der Waals broadening, are negligible at the range of the electrón densities in this study [27, 28] . However, an exact measurement of Stark broadening is not possible, unless the broadening of the spectral line due to the Doppler effect is considered.
A simple equation based on the Maxwellian distribution law can be used to estímate the full-width at halfmaximum (FWHM) for Doppler broadening [26] [27] [28] 
where 2 0 is the wavelength (m) at the centre of the absorption line, k the Boltzmann constant Q/K), T (K) the absolute temperature, M (kg) the atomic mass and c the speed of light (m/s). At a temperature of 21,400 K, the Doppler width is estimated to be SK 0.004 nm for the transition at 504.26 nm of Pb II and «0.003 nm for the transition at 385.41 nm of Pb III. This width is too small to be detected in the present work, and therefore is neglected.
The experimental profiles were fitted by a Voigt profile. As mentioned above, the Voigt profile is the convolution of a Lorentzian curve and Gaussian curve; spectral lines are thus Lorentzian-shaped. The Gaussian in the measured line profile is due to the spectroscopic apparatus. In this way convolution with the known instrumental profile can be taken into account, the spectral line intensity (área below profile) is obtained, the Lorentzian and Gaussian contributions to the fullwidth at half-maximum (FWHM) broadening can be separated and lines with partial overlapping can be analysed.
The FWHM of Stark broadening lines is related to the electrón number density N e (cm (
where cu (in Á) is the FWHM of the transition considered and obtained at the density N e expressed in cm -3 , cu p the Stark broadening parameter, A the ion broadening parameter and N D the number of particles in the Debye sphere, which must be in excess of the lower limit N D =2 of the Debye approximation for correlation effeets [35] . For the electrón densities present in this study, the quasi-static ion broadening, taken into account in the second term in expression (3), is only approximately 5% of the total width. In our measurements, we have assumed that A is negligible [36] .
The electrón number density, N e , of the plasma under study is about 7 x 10 16 cm -3 with an estimated error of ~13%, and has been obtained by comparing the Stark broadenings for several transitions with those of other authors, see broadening Stark, for Pb I and Pb II, see Table 3 . The valúes of the electrón densities obtained with such lines are in good agreement, and are valúes totally compatible with the valué 7 x 10 16 cm~3. Also, the valué of the electrón number density has been confirmed by Saha's equation and is sufficient to assume LTE.
For the plasma to be in LTE, this requires the density to be high enough to ensure a high colusión rate. The corresponding lower limit of electrón number density is given by McWhirter's criterion [37] : The valúes given for N e and T correspond to the centre of the plasma. To determine the change in these parameters in different regions of the plasma, we have obtained their valúes at different points using various lines of Pb III, and the result being that there is homogeneity for N e and T.
Analysis of the self-absorption of the emission lines
Great care has been taken in this work to minimize the influence of self-absorption on emission line intensities determinations. The absence of self-absorption has been checked using a method described by Thorne [38] .
With the aforementioned valúes of N e and T we can calcúlate the absorption coefficient for the studied lines, 
where f ik is the oscillator strength (absorption), g¡ and g¡ are statistical weight of state and g(cu) is the normalized profile of the line. In the máximum, cu=0, and for a Lorentz profile, g(0)=2/nr, where r is the FWHM of the line. N k and N¡, the population densities of the lower-level energy and the upper-level energy, respectively, were estimated at approximately equal to the electrón density, this being an upper limit. A line may be considered optically thin if k m (cm _1 )xD (cm)<íl [38, 39] ; in this work, D SK 1 mm, the valué of the optical depth k m D is not more than 0.1. The lines studied in this work selfadsorption was negligible.
Transition probabilities of Pb III spectral lines
In this paper, for homogeneous and optically thin plasma in LTE with the temperature 1=21,400 + 7% K, the electrón number density N e =7 x 10 16 + 13 % cm ~ 3 and the relative line intensities measurements, the transition probabilities are obtained from the Boltzmann plot of temperature by expression (1) and, besides, with this temperature and this electrón number density, from relative lines strength measurements by comparison with the relative line strength of the 504.26 nm Pb II transition of Saha's equation, have been confirmed. The uncertainties taken into account are: the line profile fitting procedure ( < 1%), the máximum intensity stability (2%), the self-absorption correction line errors (< 1%), dispersión of temperatures obtained within the series of different diagnostics (7%), dispersión of electrón density obtained within the different lines, see Table 3 and dispersión of the transition probability of the 504.26 nm of Pb II accuracy [18] (9.9%). Valúes obtained by these two methods are fully compatible. The total errors are about Table 4 , while columns one and two give the transitions and corresponding wavelengths, respectively. The remaining columns give the transition probability; the valúes are to be found in Refs. [2] [3] [4] . The valúes of column four have been measured in previous studies [2] and the valúes of columns five and six have been calculated in previous studies [3, 4] , respectively. We include the calculations of Ref. [4] because they provide transition probabilities of Pb III for all lines measured in this study.
The agreement is good except for some discrepancies. For example, line 552.55 nm the valué obtained in this study is 4.5+ 0.4 x 10 7 s _1 compared to 6.3 + 0.7xl0 7 s _1 obtained in Ref. [2[ . In this work, are repeated the measured in the same working conditions (in an argón atmosphere at 6 Torr) five times.
atmosphere are recorded with a delay with respect to the láser pulse and for a selected interval of time, 400 ns. This study shows that laser-produced plasmas are a very interesting spectroscopic source but demanding time resolving spectroscopy for its study.
All the results presented in this work were obtained using a lead sample, having a purity of 99.99%. No selfabsorption effects have been detected. The electrón temperature of the plasma (21,400 K) has been determined from the Boitzmann plot method using the relative emission line intensities of Pb I, Pb II and Pb III and from Saha's equation, where the electrón number density (7xl0 16 cm~3) is estimated from the Stark broadening profile of the spectral lines of Pb I, Pb II and Pb III. The LTE conditions have been checked. Spectroscopy analysis of the plasma light emission has provided the experimental transition probabilities for 30 emission lines of Pb III. For 20 of these emission lines, no experimental valúes of transition probabilities have been made by other authors. A good agreement with previous reference data was found in almost all cases.
Conclusions

